Spin Filtering in a Nonuniform Quantum Wire with Rashba Spin-Orbit Interaction 
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We investigate theoretically the spin-polarized electron transport for a wide-narrow-wide (WNW) 
quantum wire under the modulation of Rashba spin-orbit interaction (SOI). The influence of both 
the structure of the quantum wire and the interference between different pairs of subbands on the 
spin-polarized electron transport is taken into account simultaneously via the spin-resolved lattice 
Green function method. It is found that a very large vertical spin-polarized current can be generated 
by the SOI-induced effective magnetic field at the structure-induced Fano resonance even in the 
presence of strong disorder. Furthermore, the magnitude of the spin polarization can be tuned by 
both the Rashba SOI strength and structural parameters. Our results may provide an effective way 
to design a spin filter device without containing any magnetic materials or applying a magnetic 
field. 



1. INTRODUCTION 

Spintronics, aiming to use electron spin instead of 
charge degree of freedom to store and communicate in- 
formation, has drawn considerable attention in the past 
decades. 1 In this field, the Rashba SOI 2,3 plays an im- 
portant role since it has been expected to be used to 
manipulate spin states and its strength can be tuned by 
external gate voltage conveniently. 4-6 

It is well known that one indispensable requirement 
of spintronics applications is to be capable of gener- 
ating a spin-polarized current. Various schemes such 
as spin injection, 7 spin hall effect 8-9 as well as spin 
filtering 10-21 have been proposed to satisfy this goal. 
Among these schemes, the spin filtering, which gener- 
ates a tunable spin-polarized current out of unpolarized 
sources, is the most promising candidate. Recently, a in- 
teresting SOI-induced Fano resonance is found in quan- 
tum wire with local Rashba SOC. This effect originates 
from the SOI-induced bound state couples to conduc- 
tance one through Rashba intersubband mixing, giv- 
ing rise to pronounced dips in the linear conductance. 22 
These dips at the SOI-induced Fano resonances have the 
typical Fano line shape. Apart from the SOI-induced 
Fano resonance, there is another type of Fano resonance, 
that is, structure-induced Fano resonance, which results 
from the Fano-type interference between the continuous 
subband states and a bound state formed in the sys- 
tem. A transverse spin-polarized current can be cre- 
ated at these SOI-induced and structure-induced Fano 
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resonances from a unpolarized injection has been pre- 
dicted by Zhai and Xu. However, the maximum value 
of this transverse spin polarization is not more than 0.5 
because only at least two propagating modes involved in 
the transport can the spin polarized current be created. 
Thus it is not known whether a large spin-polarized cur- 
rent can be generated at other directions at the structure- 
induced Fano resonance from a spin-unpolarized injection 
and whether the magnitude of the spin polarization can 
be enhanced by designing an appropriate structure of the 
considered system. 

In the present work, we calculate the spin polarized 
electron conductance for a WNW wire with Rashba SOI 
by the spin-resolved lattice Green function method. It 
is shown that a very large vertical spin-polarized cur- 
rent can be generated in this system because of the mir- 
ror asymmetry with respect to the longitudinal axis and 
the structure-induced Fano resonance. The degree of the 
generated vertical spin-polarized current can be tuned by 
both the strength of Rashba SOI and the structural pa- 
rameters. The more important result is that this vertical 
spin-polarized current with strong a robustness against 
disorder. The organization of this paper is as follows. 
In section II, the theoretical model and the calculation 
method are presented. In section III, the numerical re- 
sults are illustrated and discussed. A conclusion is given 
in section IV. 



2. MODEL AND ANALYSIS 

The investigated system is depicted in the inset of Fig. 
1(a) schematically, where a two-dimensional electron gas 
(2DEG) in the (x, y) plane is restricted to a WNW quan- 
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turn wire by a hard-wall transverse confining potential 
V{x, y). The 2DEG is confined in a asymmetric quantum 
well, where the SOI is assumed to arise dominantly from 
the Rashba mechanism. The narrow part of the quantum 
wire has a width W2 and a length L2 ■ The wide parts of 
the quantum wire have the same width W\ but different 
lengths L\ and L3, connected to two ideal semi- infinite 
leads with the same width at each end. Since we are 
only concerned with spin-unpolarized injection, the two 
connecting leads are nonmagnetic and have a vanishing 
SOI. After discreting procedure, a type of tight-binding 
Hamiltonian including the Rashba SOI on a square lat- 
tice is obtained, 

H = ^2i e lraaC\ mrJ Cl ma - t ^{C/ +1 mcr Cl mrT 
Iraa Iraa 

+C tm+l,a C lm<7 + H.c) - t so ^ { C l+l,m,<r> 

Imaa' 

{ia y ) aa tCi ma - Cj m+l al (ia x ) aa >Ci mrT + H.c}, (1) 

where Cj m(J (Ci ma ) is the creation (annihilation) operator 
of electron at site (Im) with spin a. The on-site energy 
is £ima = 4i with the hopping energy t = h 2 /2m*a 2 , 
where to* and a are the effective mass of electron and 
lattice constant, respectively. The Rashba SOI strength 
is t so — a /2a and <J x ( y ) is Pauli matrix. 

In the ballistic transport, the spin- resolved conduc- 
tance is given by Landauer-Biittiker 23 formalism with the 
help of the nonequilibrium Green function formalism. 24 
The two-terminal spin-resolved conductance is given 
by G°' a = e 2 /hTr[YlG-/T- R G^% where T L[R) = 
'EifR) -Ei(H)]. Ei(R) = (£l(a))* is the self-energy 
from the left (right) lead, G a / (G^' <T ) is the retarded (ad- 
vanced) Green function of the whole system, and the lead 
effect is incorporated into the self-energy of Green func- 
tion G% a (G" a <T ) . The trace is over the spatial degrees of 
freedom. The Green function above is computed by the 
well-known recursive Green function method. 25 ' 26 The lo- 
cal density of electron states (LDOS) is described as 27 
p(f,E) = — -Im[G r (r,r,E)], where E is the emitting 
energy of electrons. In our following calculation, the z 
axis is chosen as the spin-quantized axis, all the energy is 
normalized by the hoping energy t(t = 1), and the struc- 
tural parameters of the wire are fixed at L\ = L3 = 10 a, 
L2 = 30 a, Wi — 20 a and W2 — 9 a except the variables 
in Fig. (5). The charge conductance and the vertical spin 
polarization are defined as G e = G TT + G iT + G u + G n 
and P z = ((GTT + G U) _ ( G H + G iT ))/G e , respectively. 

3. RESULTS AND DISCUSSION 

The energy-subband dispersions of the narrow and 
wide part of the quantum wire are plotted in Fig. 1(a) 
and Fig. 1(b), respectively. The Rashba SOI strength 



t so = 0.153. It is shown that a linearly Rashba spin- 
split subband is obtained in Fig. 1(a). However, the 
spin-subband dispersion in Fig. 1(b) deviates consider- 
ably from the typical linearly Rashba splitting. This is 
because the SOI strength in the narrow region lies in the 
weak-coupling regime while it lies in the strong-coupling 
regime in the wide regions due to their different widths. 8 
Figure 2 shows the calculated spin polarization as a 
function of the emitting energy E and the strength of 
Rashba SOI t so . When the emitting energy E > 0.09, 
a vertical spin-polarized current can be obtained in the 
right lead since the injected current from the left lead 
is unpolarized. This vertical spin-polarized current aris- 
ing from the Rashba intermixing between different pairs 
of transverse modes and the mirror symmetry with re- 
spect to the y-axis is broken. 11 According to the left-right 
and time-reversal symmetries, the relation G^ = G^ is 
obtained while the relation G^ = G^ cannot be guar- 
anteed, which can be proved by checking the numeric 
calculation. Surprisingly, there appears a very large ver- 
tical spin-polarized current when the emitting energy 
E be about to 0.2. In order to clarify this effect, the 
charge conductance as a function of the emitting energy 
at t so = 0.153 is illustrated in Fig. 3(a) and the corre- 
sponding spin polarization is shown in the inset of Fig. 
3(a). When E < 0.07, the conductance is zero since all 
the subbands of the narrow region are evanescent modes. 
When 0.07 < E < 0.09, only the lowest one pair of sub- 
bands of the wide and narrow regions are propagating 
modes, so there is no spin polarized current. 28 Moreover, 
when E > 0.09, the lowest two pairs of subbands of the 
wide regions become propagating modes and the sub- 
band intermixing induced by the Rashba SOI arises, re- 
sulting in the nonzero spin polarized current. However, 
there is still a pair of propagating modes in the narrow 
region, which determines the charge conductance of the 
whole system. Consequently, the vertical spin polariza- 
tion may be larger than 0.5. It is worth to note that a 
'valley' like structure appears in the charge conductance 
when the emitting energy just near the threshold of the 
third pair of propagating modes in the wide regions, i.e., 
E = 0.209. This effect can be attributed to the con- 
striction in the narrow part, leading to the formation of 
a bound state in the right wide region. And the bound 
state couples to the conductance ones through Rashba 
intersubband mixing, giving rise to a structure-induced 
Fano resonance. Amazingly, a very large vertical spin 
polarization \P Z \ = 0.77 can be achieved in the right lead 
at this Fano resonance. Fig. 3(b) displays the LDOS 
at E = 0.209 and t so = 0.153. It is obvious that elec- 
trons arc confined in the top of the right wide region 
under the present parameters. Of course, there are other 
structure-induced or SOI-induced Fano resonances near 
the thresholds of the second and the fourth pair of prop- 
agating modes in the wide region, i.e., E = 0.10 and 
E = 0.36, but the spin polarization at this two points is 
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much smaller than that at E = 0.209. 

The spin polarization as a function of the strength of 
Rashba SOI at E = 0.209 is shown in Fig. 4. The spin 
polarization becomes larger with the increasing of the 
strength of Rashba SOI and reaches its maximum value 
\P Z \ = 0.77 as t so = 0.153, which consists with the max- 
imum value of the inset in Fig. 3(a). However, the spin 
polarization becomes smaller as the Rashba SOI strength 
further increases. It indicates that the spin polarization 
at the structure-induced Fano resonance can be manip- 
ulated by variation of the Rashba SOI strength. Apart 
from the strength of Rashba SOI, the structural parame- 
ters of the investigated system can also be used to control 
the magnitude of the spin polarization. Figure 5(a) shows 
the calculated spin polarization as a function of the width 
of the narrow region when E = 0.209 and t so — 0.153. 
The spin polarization becomes larger as the width of the 
narrow region increases and reaches its maximum value 
at W2 = 9 a. In addition, there appears a sharp step 
as the width of the narrow region reaches 12 a. Further- 
more, the spin polarization reaches zero when W2 = 20 a, 
namely, the spin-polarized current disappears, which re- 
sults from the structural and time-reversal symmetries. 
According to Fig. 3(b), the bound state exists in the top 
of the right wide region. Therefore, the spin polariza- 
tion is only related to the length of this region while has 
nothing to do with the length of the left wide region. The 
calculated spin polarization as a function of the length of 
the right wide region is plotted in Fig. 5(b). The emit- 
ting energy and SOI strength are the same as that in 
Fig. 5(a). The most interesting features are that a dip 
emerges in the spin polarization when L3 = 10 a and the 
spin polarization oscillates around zero when L 3 > 14 a. 

The above calculation assumes perfectly clean system, 
where there is no elastic or inelastic scattering. However, 
in a realistic system, there will be many impurities in the 
sample. Consequently, the effect of disorder should be 
considered in practical application. The disorder could 
be incorporated by the fluctuation of the on-site ener- 
gies, which distributes randomly within the range width 
w [eima = simcr + Wim with -w/2 < w/ m < w/2]. Figure 
6 shows the calculated spin polarization as a function of 
the emitting energy for (weak and strong) different dis- 
orders w. The SOI strength is set as t so = 0.153. It can 
be seen that the spin polarization \P Z \ at the structure- 
induced Fano-resonances decreases with the increasing 
of disorder. However, the spin polarization at the second 
Fano-resonance almost equals to 0.5 even when w = 0.6, 
which implies that the spin-polarized current can still 
survive in the presence of strong disorder. 

4. CONCLUSION 

In conclusion, we have studied the spin-polarized elec- 
tron transport through a WNW quantum wire under the 



modulation of Rashba SOI. The presence of the SOI and 
the asymmetry in the longitudinal direction leading to a 
vertical spin-polarized current in the right lead. In par- 
ticular, we have shown that a very large vertical spin 
polarization can be obtained at the structure-induced 
resonance and its degree can be controlled by both the 
strength of Rashba SOI and the structural parameters 
even in the presence of strong disorder. This effect may 
provide an efficient method to design a spin filter without 
applying an external magnetic field and without attach- 
ing ferromagnetic contacts. 
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FIG. 3: (a) The calculated charge conductance as a function of the emitting energy. Inset: the corresponding spin polarization 
as a function of the emitting energy. The Rashba SOI strength t ao — 0.153. (b) (Color online) The local density of electron 
states. The emitting energy E = 0.209 and the Rashba SOI strength t so — 0.153. 
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FIG. 4: The calculated spin polarization as a function of the strength of Rashba SOI. The emitting energy E — 0.209. 
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FIG. 6: (Color online) The calculated spin polarization as a function of the emitting energy for different disorder strengths. 
The Rashba SOI strength t so = 0.153. 



